Abstract Among women with a mutation in BRCA1 or BRCA2, the risk of breast cancer is high, but it may be modified by exogenous and endogenous factors. There is concern that exposure to carcinogens in cigarette smoke may increase the risk of cancer in mutation carriers. We conducted a matched case-control study of 2,538 cases of breast cancer among women with a BRCA1 (n = 1,920) or a BRCA2 (n = 618) mutation. One non-affected mutation carrier control was selected for each case, matched on mutation, country of birth, and year of birth. Odds ratios were calculated using conditional logistic regression, adjusted for oral contraceptive use and parity. Ever-smoking was not associated with an increased breast cancer risk among BRCA1 carriers (OR = 1.09; 95% CI 0.95-1.24) or among BRCA2 carriers (OR = 0.81; 95% CI 0.63-1.05). The result did not differ when cases were restricted to women who completed the questionnaire within two years of diagnosis. A modest, but significant increase in risk was seen among BRCA1 carriers with a past history of smoking (OR = 1.27; 95% CI 1.06-1.50), but not among current smokers (OR = 0.95; 0.81-1.12). There appears to be no increase in the risk of breast cancer associated with current Other members of the Hereditary Breast Cancer Clinical Study Group:
Introduction
Currently, it is estimated that the lifetime risk of breast cancer in female carriers of a BRCA1 or BRCA2 mutation is between 50% and 80% [1] [2] [3] . Not all mutation carriers develop breast cancer and there is interest in identifying non-genetic and genetic factors, which modify risk. Knowledge of these factors may help us to predict, and ultimately to prevent cancer, in this high-risk population. It has been proposed that cigarette smoking may modify breast cancer risk in mutation carriers, but reports to date have been conflicting. BRCA1 and BRCA2 play important roles in DNA repair, and it is plausible that carcinogens of the type that are contained in cigarette smoke may increase the risk of breast cancer in BRCA mutation carriers through DNA breakage. It is also possible that the anti-estrogenic effects of smoking may be protective.
In 2004, we reported that there was no association between cigarette smoking and breast cancer [4] . In this case-control study of 1,097 breast cancer cases and matched controls, we did not distinguish between incident and prevalent cases. It has recently been suggested that the use of prevalent cases may mask a hazardous effect if women who smoke are more likely to die after a diagnosis of breast cancer than are women with breast cancer, but who do not smoke. Since 2004, we have expanded our database of mutation carriers and we are now able to re-examine the association between cigarette smoking and breast cancer risk.
Methods

Study population
Eligible subjects are women who carry a pathogenic mutation in either the BRCA1 or BRCA2 gene. Information on study subjects was submitted from 52 participating centers in 11 countries. These women participated in clinical and research protocols at the host institutions. All study subjects (with the exception of those at the University of Utah) received genetic counseling and provided written consent for genetic testing. In most cases, testing was offered initially to women who were affected with breast or ovarian cancer. When a BRCA1 or BRCA2 mutation was detected in an affected individual (proband), genetic testing was then offered to other unaffected and affected women in the family. However, in a few families (\10%) only unaffected carriers were identified. Genetic testing for BRCA mutations was performed using a range of techniques, and all abnormal nucleotide sequences were confirmed by direct sequencing of DNA. A subject was eligible for the current study if the molecular analysis confirmed the presence of a pathogenic BRCA mutation. The great majority of the mutations were either nonsense or missense mutations, deletions, insertions, or small frameshifts and resulted in a truncated protein.
Information was submitted to the data center on a total of 8,208 mutation carriers. 931 women were excluded because information was missing regarding their smoking history and 84 women were excluded because other key information was missing (mutation status, cancer history or date of birth) and 68 women diagnosed with ovarian cancer prior to breast cancer were excluded. After these exclusions, a total of 7,095 subjects was eligible for the analysis, including 3271 women with breast cancer (potential cases) and 3,824 women without breast cancer (potential controls).
An attempt was made to identify a single matched control for each of the 3,271 eligible breast cancer cases. Controls were matched to a case according to the mutated gene (BRCA1 or BRCA2), year of birth (within one year), place of residence (USA, Quebec, other Canada, Poland, other Europe, or Israel) and date of questionnaire completion. In order to be matched to a given case, the control had to be at least as old as the case at the time of diagnosis of breast cancer and a control was not eligible if she had a bilateral prophylactic mastectomy prior to the age of diagnosis of breast cancer of the matched case.
A total of 2,538 matched case-control pairs was generated for the analysis (representing 78% of the eligible cases), including 1,920 BRCA1 pairs and 618 BRCA2 pairs. For five cases (0.2%) the matched control was related to the case, and for 2,533 pairs, the case and control were unrelated. Many of the study subjects who were in our previous report are also included in the present report, but the previous matching was not retained.
All study subjects were asked to complete a selfadministered questionnaire which asked about medical and reproductive histories and selected lifestyle factors, including smoking. In most cases, the questionnaire was completed when blood was drawn for genetic testing, or within a year of receiving the test result. In some centers, the questionnaire was compiled by a face-to-face interview. Smoking-related questions included: ever smoking, if current smoker, age at commencement of smoking, age at smoking cessation and the average smoking consumption during the smoking period. The number of pack-years was determined by the average number of packs per day over the smoking period, multiplied by the number of years smoked. Only smoking exposures that occurred prior to the diagnosis of breast cancer were considered, for both the cases and matched controls. ''Ever-smokers'' were divided into past and current smokers. A current smoker was defined as one who reported smoking in the same calendar year as the year of diagnosis of breast cancer (others were past smokers). The questionnaires were completed after the diagnosis of breast cancer. On average, 7.7 years had elapsed between the diagnosis of breast cancer and the completion of the questionnaire (range 0-45 years). 764 of the breast cancer cases (33.1%) completed the questionnaire within two years of the diagnosis of breast cancer (incident cases).
Statistical analysis
Smoking histories were compared between case subjects and control subjects. The odds ratios for breast cancer associated with smoking were estimated by use of conditional logistic regression for matched sets. Odds ratios were estimated by univariate analysis and by multivariate analysis, adjusting for parity and oral contraceptive use (ever/never). Analyses were conducted using SAS (SAS Institute Inc. NY, USA).
Results
A total of 2,538 matched pairs was included in the analysis ( Table 1 ). The mean age of the cases at the time of completion of the questionnaire was 48.5 years (range 18-82 years), and the mean age at diagnosis of breast cancer was 40.8 (range 19-75 years). Cases were matched for age, place of residence and year of birth. The majority of the cases and controls resided in North America. Cases and controls were similar in terms of parity, age of first birth, and oral contraceptive use. The mean age of menarche was slightly younger for cases (12.9 years) than for controls (13.0 years) (P = 0.001).
For BRCA1 and BRCA2 carriers combined, there was no significant difference between the proportions of cases and controls who reported ever having smoked regularly (39.2 vs. 38.6%, respectively) ( Table 2 ). Among smokers, the mean number of pack-years was 10.8 for cases, and 11.1 for controls (P = 0.5). No difference was seen between cases and controls in either the age at which smoking commenced, the age at cessation of smoking, or total years of smoking. Table 3a and b shows the odds ratios for breast cancer by current and past smoking histories for BRCA1 (Table 3a) and BRCA2 (Table 3b ) mutation carriers. There were no significant associations between breast cancer and current or ever-smoking. However, among BRCA1 carriers who smoked in the past, but no longer smoked, a positive association with breast cancer was observed, in both the unadjusted and adjusted analyses. Furthermore, among past smokers, there was a significant trend between risk and total lifetime cigarette consumption. Among BRCA2 carriers, no significant effect was observed with past smoking and current smoking was marginally protective (OR = 0.71; 95% CI 0.5-1.0). To address the question of whether or not early exposure to cigarette smoke is hazardous, we subdivided the cases by age at initiation of smoking (Table 4 ). There did not appear to be an increase in breast cancer risk among women who started smoking before age 18, compared to those who never smoked. We also examined the association between smoking and breast cancer by age at diagnosis (Table 5) and by country/province of residence (Table 6 ). No significant differences were seen in smoking exposures among breast cancer cases in any of the three age categories. Smoking habits varied from country to country (Fig. 1) . No significant effects were seen in any of the countries studied, with the exception of Quebec. Among Quebec women with BRCA2 mutations, smoking was found to be protective (OR = 0.33); however this sample size was small (n = 70 pairs). Smoking was not found to be protective for breast cancer elsewhere in Canada or in the other countries.
It is possible that breast cancer cases who smoke (or who had smoked in the past) may experience decreased survival following the diagnosis of breast cancer. If this were the case, we would expect to see fewer smokers than expected among long-term survivors of breast cancer. This would result in a spurious protective effect associated with smoking (survivor bias), and the size of the effect would increase with time since diagnosis. This bias could potentially mask a hazardous effect of smoking. We examined the association among incident cases of breast cancer, defined as those who were within 2 years of their diagnosis at the time of questionnaire completion (Table 7) . Among the 764 matched pairs who were interviewed within two years of diagnosis of breast cancer, there was no association between smoking and breast cancer risk (OR = 0.90; 95% CI 0.72-1.11, P = 0.33). The odds ratio for breast cancer among ever-smokers was relatively constant according to time since diagnosis (Fig. 2) .
Discussion
In this report, we present an updated analysis of smoking exposures and breast cancer risk among our set of BRCA1 and BRCA2 carriers. In our first publication [5] we reported an apparent protective effect of smoking on breast cancer risk among carriers (OR = 0.46 for four or more pack-years versus nonsmoker). However, this small study included only 186 matched pairs. In our 2004 update (1,097 matched pairs) we reported a null association between smoking and breast cancer risk [4] . In that study we did not separate incident and prevalent cases and we did not consider past and current smoking separately.
Our current report includes 2,538 matched pairs. The results of this much larger study do not differ substantially from those of our 2004 report. However, in the present study, we found a significant positive association for BRCA1 carriers who had at least six pack-years of smoking, but who no longer smoked. There was also a marginally significant protective effect of smoking among French-Canadian women with BRCA2 mutations, but not among BRCA2 carriers from other countries. This may be a spurious finding, as the number of mutation carriers from this province was small. However, French-Canadian women had the highest prevalence of smoking of any of the regions studied. Also, multiple comparisons were made in the study.
Boyd and his colleagues [6] reported that smoking was associated with breast cancer risk in a historical cohort study of 804 mutation carriers (323 affected and 481 unaffected). They reported an odds ratio of 2.3 (95% CI 1.6-3.5) for BRCA1 carriers with more than five pack-years of exposure and an odds ratio of 2.6 for BRCA2 carriers (95% CI 1.8-3.9). They estimated that the risk of breast cancer increased by 7% for each pack-year. When they restricted cases to subjects who completed the questionnaire within three years of the diagnosis of breast cancer, the results were similar. There are several possible reasons for the different findings in our report and that of Boyd et al. Our updated analysis included 764 matched pairs who completed their questionnaires less than two years after the diagnosis of breast cancer. The lack of a difference in the effect size in the incident and prevalent cases discounts the possibility that our results are influenced by prevalence or survivor bias (Neyman bias). We observed strong correlations between ever/never smoking country of residence ( Fig. 1) and birth cohort (Fig. 3) . The proportion of smokers ranged from 31% among carriers born after 1965 to 43% for women born between 1956 and 1960. Small differences in the year of birth may influence the prevalence of eversmoking in the two groups. Because of the associations between smoking and year of birth and country of origin, we matched cases and controls on these variables. In the Boyd study, 26% of the controls and 4% of the cases were born after 1970. Given the decreased prevalence in smoking in young women, it is likely that their cases, which are derived from earlier birth cohorts, contain a higher proportion of smokers than their controls. Similarly, in that study a higher proportion of cases than controls came from Canada, and smoking appears to be more prevalent in Canada than elsewhere in North America and Europe (Fig. 1 ). In contrast, there were fewer cases than controls from Utah, where the prevalence of smoking is low. It is possible that the reported positive association in their study is the result of residual confounding.
In addition to our two previous reports, there have been other case-control studies of smoking and breast cancer risk in BRCA mutation carriers. Two of these studies reported a null association [7, 8] and one study reported a negative (protective) association [9] ; however, many of the cases and controls in these earlier reports are also included in the present series.
In addition to the studies of BRCA mutation carriers, several studies have examined the effect of smoking on breast cancer risk in women with a family history of breast cancer, but who were not tested for BRCA mutations. Couch et al. [10] examined smoking and breast cancer risk high risk (at least three breast or ovarian cancers) women who had ever smoked were at 2.4-fold increased risk, compared with never-smokers (RR = 2.4; 95% CI 1.2-5.1). When the analysis was restricted to the 35 families at highest risk, an even stronger association was seen (RR = 5.8 for daughters and mothers of probands).
In a cohort study of 116,544 members of the California Teachers Study [11] , the incidence of breast cancer was higher among current smokers than among never smokers (HR 1.3, 95% CI 1.1-1.6). Significant trends were with a duration and intensity of smoking. The risk was accentuated for women who started smoking at a young age; however, the association was not seen among women with a family history of breast cancer.
There are many published reports on the effects of smoking on breast cancer risk in the general population [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In 2002, Terry and Rohan [23] reviewed the published studies and concluded that smoking probably did [20] reported that smoking had no independent effect on the risk of developing breast cancer. In contrast, a 2005 meta-analysis concluded that both active and passive smoking were associated with an increased risk of premenopausal breast cancer [22] . Three recent cohort studies, including The Nurses Health study [24] , The California Teachers Study [11] , and a study from Norway [25] showed positive associations between smoking and breast cancer risk. At least two reports suggest smoking may preferentially increase the risk of estrogen-receptor positive breast cancer [24, 26, 27] . Several biological mechanisms have been postulated which may explain either an increased or a decreased risk of breast cancer for smokers in the general population. Animal and human studies support an increased risk from the carcinogenic effects of metabolites in cigarette smoke, such as N-nitrosamines, aromatic amines, and polycyclic hydrocarbons [28] [29] [30] [31] [32] . Some of these fat-soluble compounds have been found to induce mammary tumours in rodents [33] , and DNA adducts of some chemicals in cigarette smoke have been found in the breast tissue of smokers as well as in the breast tumours of smokers with breast cancer [34] . In contrast, smoking is associated with lower levels of luteal phase urinary estrogens, lower body fat, an earlier menopause, a lower risk of endometrial cancer and a higher risk of osteoporosis, all of which suggest biologically significant effects on estrogen metabolism and a decreased risk of breast cancer [35] [36] [37] [38] [39] .
The idea of a null association or protective effect of smoking on breast cancer risk in mutation carriers is unexpected, given the known mutagenic/carcinogenic effects of smoking and the importance of BRCA1 and BRCA2 in DNA repair. However, both these genes have additional functions, and BRCA1 is also important in the regulation of estrogen receptor [40] . Our data suggest that the relationship between smoking and breast cancer risk may be complex, i.e. that the effect of smoking may depend on the timing of the exposure. It is possible that carcinogens in cigarette smoke induce DNA mutations that later manifest as cancer, but that current smoking has an anti-estrogenic effect that inhibits to growth of existing tumours or pre-neoplastic lesions. The net effect of smoking on breast cancer risk in BRCA1 and BRCA2 carriers may therefore result from a balance between the dose, duration and time of exposure of mutagenic carcinogens and the effect on circulating levels of estrogen. Similarly, there is emerging evidence that early estrogen exposure may be hazardous, but that estrogen in the postmenopausal period may reduce the risk of breast cancer in BRCA1 carriers (unpublished data). It is hoped that future studies may elucidate the effects and the underlying mechanisms.
